The fcc-to-bcc martensitic transformation in Fe-Co precipitate particles has been induced by applying magnetic field to Cu-Fe-Co alloy single crystals at a range of temperature between 4 K and 300 K. The volume fractions of martensite can be estimated from the values of saturation magnetization of the bulk specimens. The amount of transformation is strongly dependent on the cooling temperature, and reaches its peak at around 77 K. The existence of the peak temperature is explained by considering the antiferromagnetic transformation of fcc Fe-Co.
Introduction
When a Cu-based Cu-Fe-Co alloy is aged at an elevated temperature, spherical Fe-Co particles with fcc structure are formed coherently with a Cu matrix. The chemical driving force for fcc-to-bcc martensitic transformation in Fe-rich FeCo alloys is known to be positive (10 kJ/mol for Fe-30 vol%Co at 77 K), while the Fe/Co content ratio affects the phase stability of the Fe-Co alloys. 1) Therefore, the fcc Fe-Co at room temperature (RT) is in the quasi-equilibrium state in the Cu matrix. It has been found that the fcc-to-bcc martensitic transformation of the Fe-Co particles embedded in the Cu matrix occurs by simple cooling to 77 K.
2) The transformation-starting temperature M s is known to be about 180 K for Fe-30 vol%Co particles. 3, 4) Furthermore, if external fields are applied to the Cu-Fe-Co alloy and provide a sufficient driving force for transformation, the fcc-to-bcc martensitic transformation is induced in the Fe-Co particles. Monzen and Kato have revealed that an applying external stress helps the lattice shear deformation involved in the fcc-to-bcc lattice change during the martensitic transformation of Fe-Co particles. 5) Focusing on the magnetic properties of the Fe-Co alloy, it is known that the magnetic moment of the bcc Fe-Co is about three times larger than that of the fcc Fe-Co at 0 K. 1) Therefore, an assist of external magnetic field should trigger the fcc-to-bcc martensitic transformation in the Fe-Co particles. Actually, the assistant effects of magnetic fields on martensitic transformations in a Cu-Fe alloy 6) and in FeMn-C alloys 7) have already been reported. In this study, the magnetic field-induce martensitic transformation of the FeCo particles embedded in the Cu matrix is investigated.
Experimental Procedure
Single crystals of a Cu-1.05 vol%Fe-0.43 vol%Co alloy were grown with a seed by the Bridgman method. The Fe/Co content ratio was suitably adjusted so as to maximize the chemical driving force for martensitic transformation, 1) and the Co content of 29 vol% is expected in the precipitate particles. Platelet specimens (4 mm Â 4 mm Â 1 mm) with the (110) surface were cut from the single crystals. After solution treatment at 1273 K for 14.4 ks, these specimens were aged at 923 K for 86.4 ks and slowly cooled to RT. The aging treatment produced spherical coherent fcc Fe-Co particles with an average diameter of 27 nm. The Fe-Co particles are free from the martensitic transformation during simple cooling to RT, thus the fcc structure is remained in the particles.
Since the magnetic moment of fcc Fe-Co phase is negligibly smaller than that of bcc Fe-Co phase at RT, it is able to estimate the amount of martensitic transformation by applying the magnetic measurement. To induce the fcc-tobcc martensitic transformation in the particles, the aged specimens were cooled slowly (cooling rate: 0.17 K/s) to given temperatures above 4 K by using a vibrating sample magnetometer (VSM) equipped both a liquid He cooling system and a electric heater. Then, a magnetic field of 9.15 MA/m was applied to the cooled specimen at each temperature for 1.8 ks. After complete reduction of the magnetic field, the specimens were heated up to RT. The saturation magnetizations of the specimens were measured in the VSM at RT. The VSM was calibrated before each cooling test by using a known magnetization of pure Ni sample. For the estimation of the amount of transformation, it is essential to measure the saturation magnetizations for the as-aged (923 K, 86.4 ks) specimen including all of the particles in the fcc state, and for the heavily deformed (50% rolling at 77 K) specimen containing the particles completely transformed into the bcc state. The obtained saturation magnetization of the former specimen is 2:43 Â 10 À3 Wb/m 2 and that of the latter is 3:40 Â 10 À2 Wb/m 2 . The volume fractions of transformed particles can be obtained as the prorated values of saturation magnetization. To elucidate the effects of external magnetic field on the martensitic transformation, simple cooling tests without a magnetic field were also conducted by using the cooling system in the VSM.
After the magnetic measurements, the specimens were sliced parallel to the (111) plane by a spark cutter. Thin foils were prepared by a standard electrolytic polishing and observed in a JEOL JEM2011 transmission electron microscope (TEM) with an accelerating voltage of 200 kV.
Results

Simple cooling tests
Since there will be a possibility of the fcc to bcc martensitic transformation in the particles by simple cooling without a magnetic field, it is necessary to evaluate the amount of the martensite formed by only simple cooling. Figure 1 shows the cooling-rate dependence of transformability in Fe-Co particles. Here, the ordinate is defined as the ratio of the volume of transformed bcc particles to the total volume of precipitated Fe-Co particles. It can be seen that the Fe-Co particles of 18% in fraction transformed into bcc when the specimen was quenched to 77 K with a cooling rate of >20 K/s. Monzen and Kato 3) have reported that the fraction of martensite becomes 35% for the Fe-30 vol%Co particles simply cooled to 77 K. Although the fraction obtained by the present study is smaller than that reported by them, the discrepancy is insignificant when the differences in experimental conditions of both studies are considered.
On the other hand, the obtained martensite in the specimen slowly cooled to 4 K with a cooling rate of 0.17 K/s was only 7% in fraction as shown in Fig. 1 . Apparently, the transformability by simple cooling exhibits cooling-rate dependence. Furthermore, this result means that the martensitic transformation of Fe-Co particles is prohibited if the cooling rate is sufficiently small to prevent the introduction of thermal stresses. We now confirm that the following tests in the present study enable us to reveal the net effects of the applied magnetic field on the martensitic transformation of the Fe-Co particles. Figure 2 shows the change in magnetization of a specimen measured at 70 K up to a maximum magnetic field of 9.15 MA/m. It is found that the magnetization increases with increasing the magnetic field. The magnetization at the reducing process is larger than that at the applying process, and the flag-shaped hysteresis is resultantly appeared in the magnetization curve. This result obviously indicates that the fcc-to-bcc martensitic transformation is induced by the application of the magnetic field.
Magnetic field-induced martensitic transformation
It is notable in Fig. 2 that the magnetization increases even at the holding process with a constant magnetic field of 9.15 MA/m for 1.8 ks. This fact suggests that the aging treatment in magnetic field induces an additional martensitic transformation. Although the time-dependent martensitic transformation has been explained in terms of the isothermal transformation, 8) it is also needed to consider that the transformability may depend on the particle size in the present study. We will discuss later whether the timedependent transformation observed in the present study is an isothermal or athermal phenomenon.
The amounts of the transformed particles in the specimens can be obtained by conducting the magnetic measurements at RT. The fraction of transformed particles is shown in Fig. 3 as a function of cooling temperature. It can be seen that the magnetic field-induced martensitic transformation starts to be induced just below RT. The fraction of bcc particles depends on the cooling temperature and reaches a peak at around 77 K, not at the lowest temperature of 4 K. This temperature dependence of the transformability is similar to that for Fe particles in a Cu matrix. 9) By considering the magnetic transition in the fcc Fe-Co, we will discuss the existence of the peak temperature in the transformability.
The existence of peak temperature can be confirmed by the in-situ measurements as follows. Figure 4 shows the results of in-situ magnetic measurements by using two different processes. First process, indicated by the solid line in Fig. 4 , is applying a magnetic field to 9.15 MA/m at RT, cooling to 4 K with keeping the magnetic field and heating to RT. The magnetization rapidly increases at around 180 K, and the increment of magnetization remains after heating to RT. Therefore, the magnetic field-induced martensitic transfor- mation indeed occurs during the cooling process. From this test, we can also define the transformation-starting temperature under applied magnetic field M t as 180 K. However, the peak temperature cannot be defined from this test because the magnetization of bcc Fe-Co is essentially depending on temperature. Second process, indicated by the dotted line in Fig. 4 , is simple cooling to 4 K, applying a magnetic field to 9.15 MA/m and heating to RT with keeping the magnetic field. It is found that the magnetization increases with increasing the temperature from 4 K. This fact means that the fraction of martensite increases during the heating process. We can then define the crossover point of the two different curves at around 77 K. The temperature of the crossover point is in agreement with the peak temperature obtained in Fig. 3 . Figure 5 shows a TEM photograph taken from a specimen cooled at 70 K for 1.8 ks with a magnetic field of 9.15 MA/m. The Fe-Co particles with the typical double-lobe contrast are still in fcc phase. On the other hand, the particles indicated by the arrows have transformed to bcc. By measuring the size of fcc and bcc particles, the size dependence of transformability is examined. The fractions of fcc and bcc particles are shown in Fig. 6 as a function of particle size in specimens cooled to 70 K for 1.8 ks with a magnetic field of 9.15 MA/m. It can be seen that the larger the particles size is, the easier the martensitic transformation becomes. This result can be reasonably understood by assuming that the probability of finding heterogeneity as a trigger of transformation increases with the particle size becomes larger. The total fraction of bcc particles can be obtained as 54.7% from Fig. 6 . This value is larger than that obtained from the magnetic measurement. Since the martensitic transformation can also be induced by Magnetic Field-Induced Martensitic Transformation of Fe-Co Particles in a Cu Matrixthe partial removal of matrix constraint, the fraction of martensite measured by the TEM observation using thin foils may be overestimated. From Figs. 3 and 4 , we found that the martensitic transformation starts to be induced at around 180 K by the magnetic field. As shown in Fig. 6 , on the other hand, the transformability is depending on the particle size. Since it can be assumed that the larger the particle size is, the higher the transformation temperature becomes, the M t for an Fe-29 vol%Co particle with a diameter of 45 nm is estimated to be 180 K. Considering the differences in the experimental conditions, the obtained M t in the present study is consistent with the previous results for M s , 200 K for an Fe-35 mass%-Co particle with a diameter of 40 nm reported by Monzen and Kato, 3) and 180 K for an Fe-30 vol%Co particle with a diameter of 30 nm reported by Shiga et al.
TEM observation
Discussion
Temperature dependence of magnetic field-induced martensitic transformation
4)
The chemical driving force for the fcc-to-bcc martensitic transformation of the Fe-30 vol%Co particle has been calculated as about 10 kJ/mol at 77 K. 1) On the other hand, the maximum possible work done by the applied stress for the case of stress-induced martensitic transformation has been reported to be 130 J/mol, where the applied stress of 90 MPa and the transformation strain of 20% are assumed.
5) Straightforwardly, we can also estimate the maximum work done by the applied magnetic field in the present study as 134 J/mol (¼2:07 Wb/m 2 Â 9.15 MA/m Â 7.06 Â 10 À6 m 3 /mol). This value fortuitously coincides with that for the applied stress, and is much smaller than that of the chemical driving force. This fact implies that the applied magnetic field, as well as the applied stress, only acts as a bias for the introduction of the martensitic transformation.
As shown in Fig. 3 , the amount of martensite was maximized at the intermediate temperature of about 77 K. This result is quite similar to that for Fe particles in Cu reported by Watanabe et al.
9) The existence of the peak temperature in the transformability of the Fe particles has been explained by considering the effects of the magnetic transition from para-to antiferromagnetic state of fcc Fe at the Néel temperature T N . They have found that the stressinduced martensitic transformation in Fe particles is maximized at about 90 K from the effects of the magnetic transition. Kakeshita et al. have also succeeded to explain the difficulty of the martensitic transformation below T N in the Fe-Mn-C alloys by considering the effects of the antiferromagnetic short range ordering. 7) For the case of the Fe-Co particles, we can explain the existence of the peak temperature as follows.
Muraoka et al. 10) have reported by conducting Mössbauer measurements that the fcc Fe-25 vol%Co particles become antiferromagnetic state below T N of 80 K. Based on their results, the T N of the Fe-29 vol%Co particles treated in our study is expected to be close to 80 K. By considering both the effects of applied magnetic field and the magnetic transition of the fcc Fe-Co, the temperature dependences of the Gibbs free energies for fcc and bcc Fe-Co phases can be drawn schematically as shown in Fig. 7 . The Gibbs free energy of bcc Fe-Co phase decreases from G b 0 to G b H by applying the magnetic field, and then the difference of Gibbs free energies between fcc and bcc becomes larger. Therefore, the applied magnetic field assists the fcc-to-bcc martensitic transformation. Below the Néel temperature, on the other hand, the Gibbs free energy G f A of fcc Fe-Co phase in antiferromagnetic state becomes lower than the extrapolated energy of G f P in paramagnetic state. This energy reduction yields the suppression of the martensitic transformation. Thus, the peak temperature obtained in Fig. 3 can be reasonably understood by considering both the assistance by the magnetic field for bcc Fe-Co phase and the suppression by the magnetic transition for fcc Fe-Co phase. Furthermore, it should be noted that the peak temperature is quantitatively in agreement with T N of the Fe-29 vol%Co. Lin et al. 1) also have shown that the applied magnetic field does not induce an additional martensitic transformation in Fe-Co particles at 4 K. Although their experimental result is similar to the present one, they disregarded the magnetic transformation in the fcc Fe-Co particles at T N . Therefore, they concluded that there was no change in the amount of transformation by simple cooling from 77 to 4 K, and thus the existence of the peak temperature was misestimated in their study.
Time-dependent martensitic transformation
As shown in Fig. 2 , the magnetization increased during the holding process with the constant magnetic field of 9.15 MA/ m at 70 K. The irreversibility of the magnetization between the applying and the reducing processes was clearly observed in the magnetization curve. Therefore, the increment of the magnetization is attributed to an additional formation of the martensite during the holding process. This time-dependent behavior seems to resolve into an isothermal transformation as reported in ferrous alloys. 8) Since a nucleation site of martensite is located in each Fe-Co particle with size of several tens nanometers, however, it is hard to suppose an occurrence of a partial or time-dependent transformation in a single particle. Another possibility of the interpretation for the time-dependent transformation is the size dependence of transformability. As shown in Fig. 6 , the smaller the particle size is, the less the amount of transformation becomes. In other words, the transformation should start to be induced in the largest particle, then gradually move on the smaller particles. If this sequence proceeds with taking a significantly long time, the overall phenomenon in the bulk Cu-Fe-Co alloy is detected as an isothermal transformation.
Summary
The magnetic field-induced fcc-to-bcc martensitic transformation in coherent Fe-Co particles in Cu-Fe-Co alloy single crystals was investigated. The amount of transformation was maximized at around 77 K. The existence of the peak temperature for martensitic transformation could be explained reasonably if one considered both the effects of the assistance by the magnetic field for bcc Fe-Co and the suppression by the magnetic transition for fcc Fe-Co.
